During servicing operations, free-flying robots equipped with robotic arms are required to operate without disturbing the nearby environment through unwanted base oscillations. We present underlying theory, kinematic control software, and experimental results of a three-dimensional free-flying robot prototype able to follow a given trajectory with its end-effector while base movements are minimized. Experiments were performed in a microgravitational environment obtained during parabolic flight tests. For the purposes of this study, only rotation of the base around its yaw axis was minimized, and a robotic arm with four degrees of freedom was used. The displacements of the robot base were monitored by an inertial platform positioned on the base. Results obtained during experiments prove the feasibility of testing such a robot during parabolic flights, show the effectiveness of the kinematic control software developed to minimize base displacements, and suggest directions for future development. 
Introduction F
REE-FLYING robots have received considerable research attention, thanks to the promising applications they have in space. During extravehicular activity, robots can take the place of astronauts and spare humans from the hostile space environment. Although astronauts are only exposed to the space environment for short periods of time, high-energy radiation caused by charged particles inside Van Allen belts and solar flares can be harmful. When the exposure time increases, this danger is even greater, and the use of robots becomes highly advisable. In the case of intravehicular activity, a free-flying robot can be used to operate on artifacts using extended mechanical arms or, as was done in the Personal Satellite Assistant project, 1 monitor and inspect internal space environments. However, the most compelling application of a freeflying robot is perhaps represented by servicing missions. NASA, the Canadian Space Agency (CSA), and many other space agencies have funded important programs for developing space robotic arms operating in servicing operations 2−9 ; remarkable servicing missions have been designed, such as those for repairing the Hubble Space Telescope. 10−12 In such scenarios, free-flying robots would successfully inspect and work in multipurpose operations, taking advantage of their capability of flying in free space.
A key challenge in the design of free-flying robots with extended arms is to minimize perturbations on the robot's base caused by movements of its arm during operations. Minimizing base disturbances is of primary importance in such situations, because uncontrolled base movements can cause unpredictable and detrimental collisions. A common method for reducing undesired displacements of the robot base is to employ thrusters mounted on the base to counterbalance forces induced by the arm. However, this solution requires extra fuel consumption, which can significantly shorten the duration of the operation, because refuelling is typically not an option. As an alternative, researchers 13−23 have developed kinematic control strategies that produce optimal path trajectories for the arm without inducing unwarranted displacements of the base. In particular, Caccavale and Siciliano 24 have presented an effective approach based on a redundant arm used to guide the six degrees of freedom (DOF) of the end effector while controlling the attitude of the base.
In addition to the preceding theoretical developments, several groups have built and tested free-flying robots in various test environments. For almost 45 years, space agencies and government laboratories have developed facilities where experiments were performed on air-tables, 25 perhaps the most effective planar systems for testing space robots. Also, many universities have developed air-bearing simulators, for example, Virginia Polytechnic Institute and State University, 25 University of Maryland, 26 Stanford University, 27, 28 University of Victoria, 8, 9, 29, 30 Tokyo Institute of Technology, 31, 32 Naval Postgraduate School, 33, 34 Massachusetts Institute of Technology, 35 Carnegie Mellon University and Texas Robotics and Automation Center, 36 University of Padova, 37 Georgia Institute of Technology, and many others. 25 Because air-tables are planar systems, they are inherently not suitable for robots operating in three-dimensional space, such as free-flying robots. To overcome this limitation, test beds based on suspension systems have been developed. 38−45 Although they are suitable for most space manipulators, free-flying robots with extended arms are not commonly tested in these facilities because unwarranted disturbances are induced to their bases. As an alternative, underwater test environments, which better simulate unconstrained three-dimensional space, have been developed and applied. 46−52 However, the drag force induced by water on the robot during arm manipulations introduces another source of disturbance not present in the space environment. The team led by Yoshida, 53 therefore, presented an experiment performed in low Earth orbit. Their system, called Engineering Test Satellite VII (ETS VII), successfully demonstrated that a free-flying robot, in this case a satellite with a robotic arm, can be used for docking operations in space.
The work presented here addresses the problem of minimizing the base displacements of a free-flying robot while guiding its arm to reach a prefixed target. Its main contribution is the development of a kinematic control algorithm, which was implemented on a custombuilt free-flying robot tested in microgravity conditions obtained during parabolic flights. The free-flying robot prototype, shown in Fig. 1 , was built with particular geometry and specifications in order to test the performance of the kinematic algorithm: the mass and inertia of the robot's base were comparable with those of the arm, increasing the effect of coupling between base displacements and arm movements; the robotic arm had four DOFs, making it possible to keep the yaw angle of the base stationary while controlling the three position variables of the end effector. With regard to control strategies, the kinematic control algorithm was developed on the basis of prior theoretical concepts on the subject, in particular those presented in Ref. 24 . Conservation of momentum and of angular momentum was taken into account in the Jacobian matrix of the robot, and redundant manipulator theory 54 was used to control both end-effector position and base orientation.
This paper is organized as follows. The first section describes how the free-flying robot prototype was modeled. The two subsequent sections discuss underlying theory, introducing the reader to the kinematic inversion control section. Robot hardware is then presented, and experimental results are shown and discussed. In the last section, conclusions and future directions are presented.
Reference Frames of Robot
The choice of the position and orientation of the reference frames of a robot is an important issue, especially if the robot has a freefloating base. In this paper, the entire system, base and robotic arm, is modeled as a single robot with a fixed base. The position of the base is computed using the concept of fictitious arm, a sequence of frames and joints linking the inertial reference frame to the base itself. Because the free-flying base has six DOFs, the fictitious arm chosen for calculating the position and orientation of the base has three prismatic joints plus three revolute joints. The real four-DOF robotic arm is connected to the fictitious arm and is represented by a sequence of four links plus a rigid end-effector link.
The robot is sketched in Fig. 2 . The first reference frame, 0 , is the inertial frame, and the last one, T , represents the position of the end-effector tip (Tool). For the first three DOFs of the fictitious arm, the prismatic joints are positioned just before reference frames 
Generalized Jacobian Matrix
Using the model described in the preceding section and representing the entire robotic system, base and robotic arm, as a single robot with a fixed base makes it possible to write a single Jacobian matrix J, which can be used to express the end-effector velocity as follows:
Vectorq can be divided into the joint variables of the baseq b (the first six elements ofq) and those of the armq a (the last four elements ofq). Similarly, in the Jacobian matrix of Eq. (1) the first six columns are related to base J b and the last four to arm joint variables J a . Thus, Eq. (1) can be written in the following form:
Because the robot does not have a base fixed to an inertial reference frame, a particular Jacobian matrix, generalized Jacobian matrix J G , which takes into account the conservation of momentum (CM) and conservation of angular momentum (CAM), must be computed. If, at starting time T 0 , the system is stationary, CM and CAM are expressed by the following equations:
where I is the inertia matrix, M the mass matrix, and r the vector of the distances of the centers of mass of the robot links from the origin of the inertial reference frame. From Eq. (4), and defining J ω as in Ref. 24 , base angular velocity ω b is obtained as follows:
Equation (5) is of fundamental importance because it states that the angular velocity of the floating base can be guided by the velocities of the arm joints. From Eq. (3), and defining J s and J e as suggested in Ref. 24 , the velocity vector of the end-effector can be derived:
Substituting Eq. (5) into Eq. (6) yields
Computation of J G
This section describes the algorithm used to compute the J G matrix in the software developed for the parabolic flight tests. The main characteristic of this algorithm is that it is efficient and suitable for software implementation.
The first step consists of writing Eqs. (3) and (4) as a function of vectorq. Using matrices J RF ,J RF , and J MC defined in the Nomenclature, Eqs. (3) and (4) can be reduced to the fundamental equations (8) and (9):
which can be rewritten, respectively, as
or, in compact form,
where H is written as
Equation (12) represents conditions CM and CAM in a compact equation. To obtain the generalized Jacobian matrix, H is separated into submatrices relative to the base and the arm:
Derivingq b from Eq. (14) as follows:
and substituting Eq. (15) in Eq. (2), the end-effector velocities are expressed as
Defining the generalized Jacobian matrix as
and substituting J G in Eq. (16), the end-effector velocities can be expressed, as in Eq. (7), as a function only ofq a . The last two terms of Eq. (17) define matrix F
which plays a crucial role in the kinematic inversion algorithm, as described in the next section.
Kinematic Inversion
This section describes the kinematic inversion algorithm implemented in the free-flying robot prototype. As noted earlier, only the position of the end effector is controlled, and thus only the first three rows of the generalized Jacobian matrix, namely, the 3 × 4 matrix J G , are considered. BecauseJ G is not invertible, a pseudoinversion is computed. To solve singularity problems, a damping gain matrix K d is introduced, and, as suggested in Ref. 24 , a damped pseudoinverse ofJ G is computed as
To compute the kinematic inversion, an algorithm based on minimization of the error vector is used. The error is defined as the difference between the desired position and the real position of the end effector:
and its derivative isė
According to the following equation, in whichẋ is related to e a ,
the temporal evolution of the error is represented bẏ
which exponentially converges to zero. Substituting the end-effector linear velocity of Eq. (22) in Eq. (7) and using the damped pseudoinverse of the generalized Jacobian matrix defined in Eq. (19) , the velocities of the arm joint variables are computed asq
To introduce a mathematical condition for the robot base position in Eq. (24), redundant manipulator theory is used, 54 andq a is thus expressed aṡ
whereqā is the vector of the arbitrary joint velocities of the arm. For the purposes of this study, only the yaw angle of base ϕ is taken into account. This angle corresponds to the sixth variable of the fictitious arm, and therefore only the sixth row of matrix F, called F 6 , is considered. The joint variable vector of the arm is obtained by computing the transpose of matrix F 6 (see Appendix):
where
Equations (25) and (26) yield the final equation of the kinematic control:q
where Φ is defined by
Equation ( Figure 3 shows the kinematic loop. Note that dynamic terms are computed in the loop. In fact, outputq b is also used as an input for computing matrixJ † G . The software developed for guiding the free-flying robot comprises two parts: the kinematic inversion loop, just described, and the centralized joint control. One of the main characteristics of this software is its ability to run the kinematic inversion off-line, thereby saving computational resources for real-time centralized joint control. To better understand the architecture of this software, the centralized joint control is briefly described next.
The equations of motion of the free-flying system are
where M g and N g are, respectively, the generalized mass and dynamic coupling matrices of the system. Using the robust control suggested by Lewis et al., 55 matrix M g is considered diagonal and constant, whereas N g coincides with the void matrix. Therefore, Eq. (31) does not depend on entire vector q but only on vector q a . The input for the centralized joint control is thus reduced to the vector of the arm joint, making it possible to run the kinematic inversion off-line. It can, therefore, run very fast in a real-time loop, without compromising the efficiency of the robot's software as a whole.
The trajectory of the end effector, the input of the kinematic inversion loop, must be carefully chosen in order to guide a free-flying robot successfully. As opposed to a fixed-base robot, the working space of a free-flying robot depends on the initial position of the robotic arm. Examples are given in Figs. 4 and 5, which show a free-flying robot in its initial and final positions. The robotic arm is assumed to be mechanically constrained between points A and B. In Fig. 4 , the robotic arm cannot reach the target (hatched area), whereas in Fig. 5 the different initial position of the arm does allow this. Feasible trajectories of the end effector must therefore be correctly computed. A suitable trajectory can be designed using an algorithm, which, starting from a prefixed initial position, computes the three-dimensional working space of the robot. However, if only the kinematic loop is tested a simpler procedure is used: a time function is assigned to the arm joint variables, and the trajectory of the end effector is then computed by means of the direct kinematics of the robot. Following this procedure, a multibody dynamic software package, such as Adams or VisualNastran, can be used to obtain vector v, the input of the kinematic control.
Robot Subsystems
The kinematic control just described was one subsystem of a complex system comprising 1) a tailored robot, with a lightweight structure made of competitive materials such as carbon-fiber-reinforced plastics and aluminum alloy (Al7075-T6); 2) an electronic system-PC104 GEODE 277MHz 128 Mb, IDE Flash Disk 512 Mb, dc/dc Converter 12-5V, and two RSC629 Driver Boards, all mounted on the robot base; 3) a power supply system-three 12V 1.2Ah batteries; 4) four 4.2-W CC micromotors with preloaded planetary gearboxes; 5) sensors-optical encoders, limit switch devices for arm link movements, and one Microstrain 3DM-G inertial platform mounted inside the base; 6) a real-time operative system, QNX; 7) kinematic inversion software; and 8) real-time centralized joint control system composed of a) "onboard data handling" for telemetry and external communication, complying with ESA Packet Telemetry Standard, 56 and b) robotic system controller, complying with NASA/NASREM software architecture. 57 All of these subsystems were developed to perform the parabolic flight tests, which proved the feasibility of a free-flying threedimensional robot prototype. The main results are shown in the next section.
Tests and Future Improvements
Kinematic control performance was demonstrated during a parabolic flight in July 2003. A microgravitational environment made it possible to verify the feasibility of guiding a threedimensional free-flying robot. For the same end-effector trajectory, two types of experiments were performed, to show the possibility of minimizing rotation around the yaw axis of the base.
In the first type of experiment, gain matrix K ϕ of Eq. (28) coincides with the identity matrix. In Fig. 6 , the simulated temporal evolution of the yaw angle of the base is represented by the dashed line; the continuous line shows experimental results for the same gain matrix. Figure 6 shows that the range of the yaw angle is about 12 deg. The temporal evolution of the error of the experimental data with respect to the simulated results is shown in Fig. 7 . As the inertial platform positioned on the base of the robot had an accuracy of 1 deg, Fig. 7 shows consistency between theoretical and experimental data and reveals the effectiveness of the guiding control and the quality of the whole system. Theoretical and experimental roll and pitch angles are shown in Figs. 8 and 9 , in which dashed lines represent simulated results and continuous lines experimental data. The temporal evolution of the error is shown in Figs. 10 and 11 .
In the second type of experiment, matrix K ϕ was increased by a factor of thousand, that is, K ϕ = 1000 · I. Figures 12-14 present the yaw, roll, and pitch angles, and Figs. 15-17 present the temporal evolution of the error for this new gain matrix. These figures show that the control system was able to follow the desired trajectories correctly.
The most important result of the parabolic flight experiments can be seen by comparing Figs. 6 and 12. As indicated by Eq. (28), if matrix K ϕ is increased, the amplitude of one of the generalized displacements of the robot base can be minimized. In Fig. 12 , the amplitude of the yaw angle, which was the variable minimized, is one order of magnitude smaller than that of the same angle in Fig. 6 . This important result proves the real possibility of keeping the robot base stationary during arm operations. This aspect is of great interest, especially for space servicing missions.
For the future, many improvements are foreseen. In this work, parabolic flight tests showed the difficulty of obtaining repeatable data. The inevitably imprecise movements of the operators who carried out the experiments and the disturbances produced on the free-flying robot by aircraft oscillations compromised most of the results. An automatic releasing system is therefore of great interest, so that the system will be able to position the robot in the center of the aircraft and release it during the microgravitational parabolic phase, an operation that was conducted manually in previous flight experiments. For future experiments, to validate the implemented algorithm for more general cases, all of the generalized displacements of the robot base will be minimized. Despite the considerable disturbances that occurred during the parabolic flight tests, experimental results did show that the kinematic control system described here performed well while minimizing the yaw rotation of the base.
Conclusions
Control software developed for guiding a three-dimensional freeflying robot is presented in this paper, together with experimental results obtained during a parabolic flight test campaign. According to experimental data, the software performed well, showing the possibility of minimizing one of the generalized displacements of the free-flying base during robotic arm movements. The control algorithm was able to limit the base yaw angle to 2 deg, which corresponds to one order-of-magnitude improvement when compared with the case in which the base motion was not minimized. In addition, theoretical results were consistent with experimental data, proving the reliability of the implemented algorithm, as well as the quality of the structure and design of the free-flying robot prototype. Experiments also highlighted the need for an automated release system aimed at increasing the duration of tests during the parabolic microgravitational phase while reducing operator disturbances on the robot attitude.
Appendix: Transpose of the Jacobian Matrix
This Appendix gives the mathematical procedure to obtain Eq. (26) . If y is a vector defined as y = f (q) (
and if its desired value is y d , the following equation can be written:
A positive definite Lyapunov function is defined:
Its derivative isV 
is negative definite, and thus the error asymptotically converges to zero. Because the aim of the experiment was to control the yaw angle of the robot base, the following substitutions can be made:
which yields Eq. (26) .
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